Introduction

34
This special issue is devoted to animal models of aging. The term "animal model" implies that 35 the final objective is not in fact to understand the species studied for its own sake, but to be able 36 to draw some general conclusions with respect to human aging. Paradoxically, this generates the 37 need for a comparative/ evolutionary perspective in order to identify which animals might have 38 something important to teach us about ourselves. In most cases, this is relatively simple. For 39 example, basic cellular respiration is relatively similar across eukaryotes, so any simple, easy-to-40 work-with organism such as yeast may serve as a good model [1] . The immune system differs 41 substantially between mammals and other vertebrates, implying that for most questions only 42 mammalian immune models are likely to be pertinent. And for questions such as complex social 43 behavior, the list of potential models might be limited to gregarious primates, carnivores, and 44 cetaceans.
45
However, in the case of aging, things are not so simple. First, there is no real consensus about 46 what aging is or how to define it [2, 3], though there is increasing agreement that it is at least 47 multi-factorial [4, 5] , and potentially an emergent property of a formally complex system [6, 7] . 48 Second, there is conflicting evidence about the extent to which aging is a process that is similar 49 across all organisms or particular to each species [3, 8] . Third, there is reason to expect that 50 aging is systematically different in long-lived and short-lived species, such that in some cases 51 long-lived birds might be better models for human aging than mice (Mus musculus), despite the 52 much closer phylogenetic relationship between humans and mice [9, 10] . This obviously presents 53 a challenge for the long-term follow-up of the aging process within individuals. Fourth, there are 54 a wide variety of questions that can be asked about aging, requiring different models. 55 Kirkwood [4, 12] into the Disposable Soma theory of aging, which posits that the soma sacrifices 79 itself to transmit the germ line, and that constraints on the acquisition and use of energy and 80 other resources would force the soma to trade off between reproduction and maintenance (i.e., 81 survival).
82
However, not all organisms have a distinct germ line and soma. Unicellular organisms
83
(bacteria, protists, yeasts, etc.) obviously do not. Fungi, and many marine/aquatic invertebrates 84 (including, starfish, hydra, and jellyfish) also do not: they appear to be able to revert apparent 85 somatic cells to a germ line state [13] . Plants were long thought to lack a distinct soma as well, 86 but this is somewhat less clear in light of recent findings suggesting that both long-lived and 87 short-lived plants have similar numbers of cell-divisions before producing germ cells [14] .
88
Species without a distinct soma are not necessarily predicted to age [4] , and it thus may be 89 crucial to understand if aging patterns differ systematically between organisms with and without 90 the germ line-soma distinction [15, 16] . Note, however, that an implicit assumption of the 91 importance of the germ line-soma distinction is that aging primarily a cellular phenomenon that 92 scales up to the individual level. If aging is driven primarily by factors at higher organisational 93 levels (tissues, organs, organism), the germ line-soma distinction could be less important or even 94 irrelevant. While the implicit assumption in much of the aging literature is that aging is primarily 95 cellular, there is evidence for both cellular and higher-order processes (e. Perhaps the simplest measure of demographic aging is maximum observed lifespan (Table 1) .
176
This measure conflates aging and lifespan and pace vs. shape, as noted above, with the potential 177 for short-lived species not to age and long-lived species to age quickly relative to their lifespan.
178
Nonetheless, exceptionally long-lived species are doing something quite differently from many 179 other species, regardless of whether they can be formally shown not to age, and maximum and birds appear to age [48, 49] 
Programmed aging: the rare exception
214
Most researchers studying the evolution of aging consider aging to be non-adaptive in the sense 215 that it appears to be a by-product or side effect of other biological and evolutionary processes 216 rather than an end in itself [51] [52] [53] . In this sense, aging is also seen as non-programmed: not the 217 result of a specific pathway that has evolved in order to carry out the aging process. The 218 multiplicity of mechanisms and their heterogeneity across species (see below) confirms this.
219
While most of what we call aging follows this non-programmed paradigm, there are a small 
268
Aging is thus clearly multi-factorial. It is also likely to be complex, in the formal sense that it 269 is an emergent property of a complex dynamic system. The molecular regulatory networks that system has a certain tolerance to variation in external and internal conditions, but the tolerance is 278 not infinite, and there are structural trade-offs between high tolerance to common conditions and 279 broad tolerance to rare conditions [7] . This implies that the regulatory networks are subject to 280 dysregulation, which, when system tolerance is exceeded, could manifest either as sudden death as noted above, some aging mechanisms such as wear and tear would seem to be largely 314 independent of these pathways. Other mechanisms, such as inflammation and systemic 315 dysregulation, might be subject to some degree of modulation by the conserved pathways, but 316 would likely contribute to aging to some extent regardless of how down-regulated they were by 317 conserved pathways. In other words, conserved pathways clearly control certain aging 318 mechanisms and have the potential to affect aging rates, but it seems highly unlikely that, even 319 taken together, they represent a sufficient mechanistic explanation for aging. They also do not 320 explain why some organisms do not age.
321
Despite their relatively modest effects on individual lifespan (as viewed from a comparative 322 perspective), it is also likely that these conserved pathways play at least some role in modulating 323 lifespan over evolutionary time [68] . For example, IGF-1 appears to mediate much of the 
An integrative understanding of variation in aging across the tree of life
329
Combining the insights that conserved aging-related signalling pathways explain a modest but 330 non-negligible portion of the aging process, and that aging is both mechanistically and 331 demographically quite heterogeneous across the tree of life, the inescapable but rather 332 unsatisfying conclusion is that aging is highly particular: that each species will have evolved 
368
Control of lifespan across castes in these species appears to be at least partially regulated by The integrative understanding of aging presented above implies on the one hand that a diversity 378 of model organisms will be essential to achieve a full understanding of the aging process, and on 379 the other that extreme caution will be needed in their interpretation. For example, the finding that 
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Similarly, the naked mole-rat is the only eusocial mammal, with a social system like many ants, 400 bees, and wasps. As in eusocial insects, the queens have much longer lifespans than the workers, Rather, it seems they have evolved mechanisms to tolerate high levels of macromolecular 404 damage, such as increased proteasome activity [94] .
405
These are important, fascinating findings, but again we must be cautious about their Age contibutes relatively little to prediction of mortality rates beyond a potential correlation with size; clear age structure in mortality may thus be present, but largely as a result of how size impacts mortality.
Many trees, many clonal organisms with distinct ramets, where size is considered the sum of the ramets (colonial marine invertebrates, etc.)
Eusocial aging
Though possibly a subset of Hamiltonian aging, lifespan differs greatly between queens and workers of eusocial species.
Naked mole-rats; many species of ants, bees, and wasps
Other
Many organisms have some combination of the above patterns, such as programmed aging of ramets and negligible aging of genets, or non-monotonic changes in mortality with age. Many organisms have aging patterns that are highly unique and adapted to their particular life histories and environment. Often ignored, this category may actually contain a large portion of the tree of life. Physiological aging may occur but be reversible, or may occur but on timescales much slower than predicted based on selection pressure, etc.
Some tunicates, some birds?, some lizards, many invertebrates and plants
The profiles described here are approximate and are not intended to represent a formal or exhaustive 759
classification, but rather to illustrate the diversity of aging patterns known. 760
